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Future  work  suggestions 
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Enabling  Technology  Gaps 

Affordable  Air  Vehicle  Structures 
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System  integrity  begins  with  quality  of  the  starting  materials 


What  is  wanted? 
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Replacement  parts 


Technology  Development  Cycle 

Technology  Development  Cycle  _ $t3tii§.iB^0ia,rksI 


1.  Search  for  ideas 

-  Statement  of  ideas  ^ 

-  Customer  needs 

-  Opportunities 

-  Ideas  advantages  ^ 

*  Idea  screen 

2.  Develop  concept 

-  Comprehensive  statement  of  concept  V 

-  Strategic  fit  with  DoD/Alcoa  objectives  V 

*  Concept  review  V 

3.  Evaluate  concept 

-  Feasibility  demonstration  for  critical  V 

elements 

-  Success  elements 

-  Customer  feedback  on  the  concept  { >/ ) 

*  Project  proposal  review  ( V ) 


4.  Demonstrate  full  concept 

-  Produce  prototype  product/processes 

-  Reassess  all  issues  and  identify  all 

-  Unresolved  project  risks 

*  Prototype  marketability  review 

5.  Verify  large  scale  capacity 

-  Produce  and  evaluate  prototype 

-  Finalize  product  characteristics  & 
specifications 

*  Producibility  and  commercialization 
review 

6.  Implement  in  full  production 

-  Purchase  and  install  equipment 

-  Train  production  teams 

*  Final  project  review 

7.  Continuous  improvement 

-  Customer  service 

-  Value  tracking 


Need  multifunctional  infomiation  network 
End-user,  Customer,  Supplier 

R&D,  Engineering,  Manufacturing,  Procurement,  Quality  control 


Opportunity 
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Why  Thick  Product? 
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Increasing  thick  structure  durability  provides  weight  and  operator 
cost  saving  opportunities 


SObfrBIEnBE  4  OBFM 


7050-T7451  Plate  (1”  to  5.7"  thick) 
Cumulative  Fatigue  Failure  Distributions 
Maximum  Stress  40  ksi,  R  =  +0.1 
Long  Transverse,  T/2  Test  Location 
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Cycles  to  Failure 


Lessons  Learned 

7050  Thick  Plate  Fatigue  Investigations  (1982-present) 
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Hypothetical  performance  and  cost  saving  scenarios  developed 


Lessons  Learned  (continued) 

7050  Thick  Plate  Fatigue  Investigations  (1982-present) 
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program  deliverables 
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Cumulative  Fatigue  Failure  Distributions 
Old  and  New  Quality  7050-T7451 


Fatigue  lifetime  (cycles) 
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Open  Hole  Fatigue:  Old  and  New  Quality  Thick  Plate 

Stress  vs.  life  (S/N)  ofj^n  hole  fatigue  data  for  7050  old  and  new  quality 


Lifetime  (cycles) 


7050  Thick  Plate  Fatigue  Strength  Increase  With  Quality  Improvement 
Calculated  stress  corresponding  to  specified  lifetime  for  open  hole  fatigue  tests  of  new 
and  old  quality  thick  plate 


Fatigue  Durability  Quantification 
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Equivalent  Flight  Hours 


Flaw  size  Exceedance  After  Two  Lifetimes  (16,000  hours) 
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Effect  of  Thick  Plate  Quality  on  Cumulative  Life  Probability 
to  0.05  in.  Flaw 

Spectrum  Peak  Stresses  of  32,  34,  37  and  40  ksi 
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Effect  of  Thick  Plate  Qualtiy  on  Flaw  Size  Exceedance 
Probabilities 

16000  Hours  (2  Lifetimes)  at  Spectrum  Peak  Stresses  of  32,  34,  37,  and  40  ksi 
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Flaw  Size  (in.)  Flaw  Size  (In.) 


Smooth  Fatigue:  New  Quality  and  Low  Porosity  Plate 

Cumulative  smooth  fatigue  failure  distributions  for  7050  new  quality 
plate  and  low  porosity  plate  tested  at  a  maximum  stress  of  40  ksi, 

R=0. 1,  frequency  =  10  Hz,  iab  air,  LT  orientation 
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Smooth  Fatigue:  Thin  Plate 

Cumulative  smooth  fatigue  failure  distributions  for  7050  thin  plate 
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Open  Hole  Fatigue:  Thin  Plate 

Stress  vs.  life  (S/N)  open  hole  fatigue  data  for  7050  thin  plate 
and  95%  confidence  limits  for  new  quality  plate,  tested  at  R=0.1, 
30  Hz,  LT  orientation,  lab  air 
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Projected  Open  Hole  Fatigue  Improvement 
7050-T7451  Thick  Piate  (4-6  in.) 

(Long  Transverse,  T/2  Test  Location,  R  =  0.1) 
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Fatigue  Life*  of  Lower  Wing  Plate  (nom.  0.75“  thick)  Candidates  at  Net  Section 

Stress=  29  ksi 


Fracture  Toughness*  of  Lower  Wing  Plate  (nom.  0.75"  thick)  Candidates 

*  C(T)  Specimen.  W=8",  8=0.5" 
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Effect  of  Particle  Content  on  Open  Hole 

Specimen  Fatigue  Strength  of 

7XXX  Aluminum  Alloy  Plate  (0.375  in.  thl 


Fatigue  Life  (cycles) 


Potential  Fatigue  Durability  Improvement  Through 
Material  Quality 


9in  Boi 


Plate  Thickness  (in.) 


Barriers  to  Exploitation  (continued) 


Program  Expectations 

Deliverables 


eadiness  for  scale-up  technology  demonstration  program 
Life  assessment  methodology 
New  products 
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a)  Gross  stress  124  MPa  b)  Gross  stress  110  MPa 
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Summary  of  Notch  Specimen  Fatigue  Tests  for  Various  Materials 
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Modeling  Chronology 
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Scaling  random  plane  microstructure  to  extreme  value  distribution  of  fatigue 
initiating  features 

Plasticity  adjusted  damage  accumulation  model  (no  empirical  fitting  required) 


The  EIFS  Distribution 

starting  Point  for  Life  Management 
at  Various  Structural  Levels 
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Material  Reliability 


Life  distribution 
accelerated  test 


Flaw  size 
distribution 
in  service 


Crack-Initiating  Micropore  Size  Distributions 

7050-T7451  Thick  Plate  Smooth  Fatigue  Failures 
(Long  Transverse,  T/2  Test  Location) 
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Reliabilily  index 


Calculated  Fastener  Hole  Reliability  of  Old  and  New  Quality  7050  Thick  Plate 


•  Reliability  measured  by  flight  hours  to  achieve  a  0.05-in.  (inspectable)  crack  extension  from  an 
undamaged  hole 

•  Calculations  based  on  probabilistic  evaluation  of  fatigue  crack  growth  and  micropore  population 
in  the  original  material 

•  The  analysis  considered  spectrum  fatigue  loading  to  represent  a  military  fighter  application 
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Results: 

•  Structural  reliability  inreases  with  new  quality  material  (reduces  widespread  damage  risk) 

•  Flight  hours  with  10*^  probability  of  finding  a  crack  greater  than  0.05-in.: 

-  Old  quality:  3450  hours 

-  New  quality:  4350  hours  (26%  increase  in  time  to  first  inspection) 

•  Probability  that  a  crack  longer  than  0.05-in.  would  appear  at  3450  flight  hour  inspection: 

-  Old  quality:  10*^  (one  chance  in  ten  thousand) 

-  New  quality:  10'^  (one  chance  in  10  million) 
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Coupon  Tests 


Microanalysis 


Test  coupon  +  fractography 


Pore/particle 
fatigue  origin 


Pores/particies 
R^^^orn  plane 
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Test  result 


Image  analysis 
+ 

Tesselation 


Finite  element 


Particle  size 


Post-test 

fractography 


Particle  size 


Particle  size  or 
strain  concentration 
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‘Strain  concentration 


Interrupted  Tests 
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Damage  scale  or 
strain  concentration 


Constituent  Particle  Size  Distributions _ 

Schematic  illustration  of  the  distribution  of  particle  sizes  in  a  material  and 
the  distribution  of  particle  sizes  which  initiate  fatigue  damage 


Particle  Size 


Status 


Characterization  of  7050-T7451  alloys  -  New  and 
old 

Initial  microstructures  -  averages  and 
distributions 

y  Porosities,  Constituent  Particles,  Precipitates 

Sizes,  spacings,  local  volume  fractions 

y  Grains,  Subgrains 

Sizes,  shapes,  recrystallization  levels 

y  Improved  Statistics 
Damage  Assessment 
y  Fractography 

Facets  orientation  distributions,  fractal  dimensions,  roughness 
parameters 

y  Crack  Path 

Features,  geometry,  microcracks,  dislocation  structure, 
transgranular  vs  intergranular 
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Schemetic  of  the  locations  of  the  specimens  in  the  plate  of  A1  7050  alloy. 


180  pm 

The  gi-ain  structure  of  the  7050  A1  plate  alloy.  The  light  grains  are 
recrystallized  and  the  dark  ones  are  unrecrystallized  gi-ains  with  subgrains 
The  dark  spots  are  the  sites  where  the  constituent  particles. 


A  typical  pore  in  the  7050  A1  plate  alloy. 


A  collection  of  201  pores  in  the  transverse  center  section  of  the  old  pedigree 
A1  7050  plate  alloy.  These  pores  are  collected  from  ISO  micrographs. 
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Longitudinal 


Short  Transverse 


Transverse 


The  average  sizes  of  the  pores  in  the  old  pedigree  7050  A1  plate  alloy  in 
different  directions  and  orientations.  The  locations  of  each  section  are 
indicated  by  the  x  and  y  titles  and  the  units  used  are  in  micrometers. 


Longitudinal  Shon  Transverse  Transverse 


Longitudinal  Short  Transverse  Tiansverse 


The  average  sizes  of  the  pores  in  the  new  pedigree  7050  A1  plate  alloy  in 
different  directions  and  orientations.  The  locations  of  each  section  are 
indicated  by  the  x  and  y  titles  and  the  units  used  are  in  micrometers. 


A  collection  of  236  constituent  particles  in  the  old  pedigree  of  the  7050  A1  plate  alloy. 
These  particles  are  collected  from  60  micrographs. 


Microstructural  Characterization:  Low  Porosity  Plate 

Backscattered  SEM  images  of  constituent  particies  in  low  porosity  plate 
showing  particle  clustering 
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Longitudinal  Short  Transverse  Transverse 


Longitudinal  Short  Transverse  Transverse 


The  average  sizes  of  the  constituent  particles  in  the  old  pedigree  7050  Al 
plate  alloy  at  different  directions  and  orientations.  The  locations  of  each 
section  are  indicated  by  the  x  and  y  titles  and  the  units  used  are  in 
micrometers. 


Longitudinal  Short  Transverse  Transverse 


Longitudinal  Short  Transverse  Transverse 


The  average  sizes  of  the  constituent  particles  in  the  new  pedigree  7050  A1 
plate  alloy  in  different  directions  and  orientations.  The  locations  of  each 
section  are  indicated  by  the  x  and  y  titles  and  the  units  used  are  in 
micrometers. 


Micropore  Length  vs.  Cycles  to  Failure 

7050-T7451  Thick  Plate  (5.7-5.9  in.) 

(Long  Transverse,  T/2  Test  Location) 


50  100  500  1000 

Cycles  to  failure  (kilocycles) 


Weibull  Distributions  of 


Micropore  length  (mils) 


Stress  Intensity  Factor  Solutions 
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inhomogeneity 


Approximations  to  Apply  Trantina-Barishpolsky 
K  Solution  to  Surface/Corner  Cracks  at  Hole 


Pore  and  Particle  Distribution  Having 
Equivaient  Open  Hole  Lives _ 

As  derived  from  smooth  specimen  data 
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a)  Interior  porosity  of  710  pm^. 
Actual  life:  80,700  cycles, 
Predicted  life:  80,000  cycles. 


b)  Corner  particle  of  324  pm^. 
Actual  life:  79,500  cycles. 
Predicted  life:  74,500  cycles. 


Verification  of  Trantina-Barishpolsky  Analysis 
for  Type  of  Inhomogeneity 
Figure  6 


Comparison  of  the  Cumulative  Distribution  Functions: 
Equivalent  Life  Particle  and  Measured  on  Low  Porosity  Plate 
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Single  pore--based  on  observations 

x-location 
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Comparison  of  Statistical  Life  Prediction 
and  Experimental  Data  for  Old  Quality  Material 
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Monte  Carlo  simulation  for  entire  S-N 


Comparison  of  Statistical  Life  Prediction 
and  Experimental  Data  for  New  Quality  Material 


Comparison  of  Partical  Density  Functions:  Dmax  (  /'••J'j/w  Am  >) 

(1  inch  Thick  7050  Plate) 


random  100X 
Projected  fracture 


Comparison  of  Partical  Density  Functions:  Dmin  c  av.o 

(1  inch  Thick  7050  Plate) 


random  100X 
predicted  fracture 
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Fatigue  Life  Prediction  from  Random  Plane  Microstructure 

Open  hole  specimen,  new  quality  7050  thick  plate 
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The  hierarchy  of  microstructural  features  (pores/particles) 
controlling  fatigue  crack  initiation  in  7050  product  variants  have 
been  successfully  measured  and  modeled 


Preliminary  Conclusions  (continued) 

Fatigue  life  prediction  modeling 
Aluminum  7050-T7451  product  variants 
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Number  of  fatigue  tests  can  be  appreciably  reduced 

Labor  intensive  analytical  steps  (e.g.,  fractography)  can  be 
replaced 
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